T techniques commonly used in integrated circuit (IC) processing, they can be integrated with electronics to develop high-performance closed-loop-controlled microelectromechanical systems (MEMS). A generalized MEMS could consist of mechanical components, sensors, actuators, and electronics, all integrated in the same environment. The sensors would provide information about the environment, the electronics would process the information from the sensors and provide the inputs to the actuators, and the actuators would manipulate the environment for a desired purpose. The mechanical componentsintegral parts of the sensors and actuators-are used to transmit force. MEMS change the way mechanical systems are designed for the "micro" domain and also constitute a new method for fabricating mechanical components, devices, and sys-
terns. Microfabrication provides a powerful tool for batch processing and miniaturization of mechanical systems, and eliminates the need for discrete component assembly.
An early application of IC processing technology and anisotropic etching of silicon to the fabrication of micromechanical structures ulas the development of solidstate pressure and acceleration transducers in the 1960s. Over the next two decades, scientists and engineers developed a variety of microfabricated sensors-or microsensors-for measuring position, velocity.
eleration. pressure, force. torque, flow, magnetic field, temperature, gas composition. humidity, pH. solutionhody fluid ionic concentration. and biological gaslliqu i d h o 1 cc U I ar concentrations , Some of these microsensors were commercialized. During the past decade the need for a microactuator technology has been increasingly emphasized. and recent advances in microactuators are transforming the field of so 1 id-s t a te trans d U c e rs in to the fie 1 d of MEMSII].
Solidhtate transducers have traditionally been application driven and technology limited. and their development has evolved as an interdisciplinary activity. Microactuators-and MEMS in general-are following a similar trend.
Fabrication Technology
Silicon microinachining-the fashioning of microscopic mechanical parts from or on a silicon substrate-i s an extension of the IC fabrication technology that has been a key factor i n the rapid progress of microsensors, microactuators. and MEMS. Microtnachining i s used to fabricate a great variety of mechanical microstructures, including b e a m , diaphragms. grooves, orifices. sealed cavities, pyramids. needles, springs. complex mechanical suspensions, gears. linkages, and niicromotors. These microstructures. with and without integrated electronics. have been used to realiLe a wide range of microsensors and microactuators.
Bulk and surface micromachining, as well as substrate bonding and electroforming in conjunction with x-ray lithography, are integral components of silicon micromachining. Bulk micromachining of silicon uses wet and dry etching techniques in conjunction with etch masks and etch stops to sculpt micromechanical devices from the silicon substrate. Two key factors make bulk microinachining of silicon a viable technology. The first is the availability of anisotropic etchants such as potassium hydroxide (KOH), ethylene-diamine and pyrocatecol (EDP), and hydrazine, which preferentially etch single-crystal silicon along given crystal planes. The second i s the availability of etch masks and etch-stop techniques that, when used in conjunction with anisotropic etchants, can selectively prevent regions of silicon from being etched. By appropriately combining etch masks and etch-stop patterns with anisotropic etchants, it is possible to fabricate microstructures in a silicon substrate.
Bulk micromachining of silicon by anisotropic etching has been extensively reviewed 121. The process is based on the fact that anisotropic etchants of silicon etch the (100) and (1 10) crystal planes significantly faster than the (1 11) crystal planes. In a (100) silicon substrate, etching pro-2. A 5-pm-thick p' silicon cantilever beam fabricated by bulk micromachining. The slanted ( 1 11) planes can be seen in the well behind the beam.
ceeds along the (100) planes but is practically stopped along the (1 11) planes. Since the (1 11) planes make a 54.7 degree angle with the (100) planes, slanted walls result (Fig. 1) .
Because of the slanted (1 1 1) planes, the size of the etch-mask opening determines the final size of the etched hole or cavity. If the etch mask openings are rectangular (or square) and the sides are aligned with the [ 1101 direction (the direction of an intersection line between (100) and (1 11) planes), no undercutting of the etch-mask feature takes place, assuming that the etch rate of the (1 11) planes is negligible. Significant underetching may occur in convex comers (corners with angles rebater than 180 degrees), where etch masks are misaligned with the [ 1101 direction, or where there are curved edges in the etch mask openings. Under these circumstances the underetching continues until it is limited by the (1 11) planes. Underetching can be used to fabricate suspended microstructures (Fig. lb,  Id) . A bulk micromachined silicon cantilever can be fabricated by undercutting the beam's convex comers-defined by an etch stop-from the front side of the wafer (Fig. 2 ). The slanted (1 11) planes can be seen in the photograph.
Silicon dioxide, silicon nitride, and some metallic thin films such as chromium and gold, provide good etch masks for typical anisotropic etchants. These films are used to mask areas of silicon that are to be protected from etching and to define the initial geometry of the regions to be etched. Alternatively, etch stops can be used to define structures.
Two techniques for etch stopping have been widely used in conjunction with anisotropic etching in silicon. Heavily boron-doped silicon (above 7 x 1019 cm"), called p+ etch-stop, is effective in practically stopping the etch. Alternatively, the pnjunction technique stops the etch when one side of a reverse-biased junction-diode is etched away [2] . As shown in Fig. 1 , etch stops often form the micromechanical device that is eventually delineated by the etch.
Surface micromachining relies on encasing specific structural parts of a device in layers of a sacrificial material during the fabrication process. The sacrificial material is then dissolved in a chemical etchant that does not attack the structural parts. Surface micromachining is more versatile than bulk micromachining and has been largely responsible for the recent advances in the microactuator technology.
Surface micromachining can be used to fabricate not only relatively conventional mechanical microstructures such as beams and diaphragms, but also more complex ones such as gear-trains, turbines, linkages, and micromotors [3] . Polysilicon surface micromachining using doped or undoped polysilicon as the structural material and silicon dioxide as the sacrificial material has been the most widely used surface micromachining technique.
The fabrication process for a polysilicon micromotor demonstrates the versatility of surface micromachining [4] . This article's opening photograph shows a spinning polysilicon wobble micromotor fabricated with the process. The micromotor fabrication process requires three polysilicon depositions, two silicon dioxide depositions, and one silicon nitride deposition, along with six photolithography steps (Fig. 3) . The first step is to establish substrate isolation consisting of a sandwich of 1- (Fig. 3b) .
The next deposition is a second sacrificial layer that provides 0.3 pm of silicon dioxide on the rotor and stator side-walls, and nearly 0.5 pm on the top surfaces (Fig.  3c ). The 0.3-pm coverage on the sidewalls corresponds to the bearing clearance in the micromotor. Next, the bearing anchor is defined and etched in the silicon-dioxide sacrificial layers, exposing the electric shield below. A I-pm-thick polysilicon layer is deposited, heavily doped with phosphorus, and patterned to form the hearing (Fig. 3d) . At this point, the completed device is immersed in hydrofluoric acid to dissolve the sacrificial silicon dioxide and release the rotor (Fig. 3e) .
Bonding techniques permit a silicon substrate to be attached to another substrate, usually silicon or glass, to provide added design flexibility, mechanical support, electrical connection, and/or thermal sink (or isolation). Electrostatic bonding of silicon to glass substrates have been widely used in the microfabrication of sensors [5] .
Bonding of a silicon to a glass substrate in conjunction with bulk micromachining has been used to fabricate electrostatic microactuators.
Silicon fusion bonding (SFB), an important recent development, has become the fabrication-technology base for commercially available pressure sensors for industrial and medical applications [6] . microvalve fabricated by fusion bonding of two silicon wafers (Fig. 4 ) [7] , and a microfabricated pump made by bonding four silicon wafers (Fig. 5) [8].
An inherent characteristic of IC fabrication technology is planar geometry, which limits the design of micromechanical devices, and the progress of MEMS. Threedimensional fabrication capabilities are limited, and the fabrication of features with high aspect ratio (height to width) is difficult. But significant progress has been made on this front in the past five years. New x-ray photolithography techniques allow the definition of features with heightto-width aspect ratios that are very largeover 100 [9, 10] . These techniques have defined features a few microns wide and several hundred microns deep with vertical sidewalls. Once these features are formed in the photosensitive material, plating techniques can build up metallic microstructures using the photosensitive material as a mold.
Materials Issues
An extensive, well-documented materials base that can meet the requirements of MEMS development is essential for continuing progress in the field. Table) . The goal of studying mechanical properties in MEMS, and in thin films generally, is to develop models that relate process parameters to the film microstructure and mechanical properties.
In the past decade, a number of techniques have been developed and applied to the measurement of mechanical properties of films used in the fabrication of microsensors, microactuators, and MEMS [IO] . Among these techniques is a micromachined structure used to measure the fracture strain of a polyimide thin film (Fig.  6) [ll]. The residual stress in a polyimide thin film is tensile so the wider portion of the microstructure contracts upon release and pulls on the thin necks. This can produce fracture if the geometry is selected appropriately.
The friction and wear properties of the materials used in MEMS are becoming increasingly important. For example, significant wear (Fig. 7) has been observed in passive polysilicon microfabricated gears and turbines using air-jet drive [12] . Clearly, friction and wear characteristics of thin films can have a profound impact on the potential and limitations of MEMS. A number of techniques have been developed to study friction and wear in microelectromechanical devices [3] . Among the findings is that friction and wear effects in MEMS are often different than in their macroscopic counterparts because of the larger surfaceto-volume ratio, higher smoothness of the contact surfaces, and significantly smaller forces.
Microactuators
The progress of microactuator technology depends critically upon the development of actuation forms that are compatible with the materials and processing technologies of silicon microelectronics. In addition, we would like actuation to be powered and controlled electrically so we can make full use of the integration with on-chip electronics. Despite these stringent requirements, a variety of physical phenomena for microactuator applications have recently been demonstrated. Microactuators can be divided into two mechanical classes: mechanisms and deformable microstructures. Mechanismtype microactuators such as micromotors provide displacement and force through rigid-body motion; deformable microstructures such as beams and diaphragms provide displacement and force through mechanical deformation (or straining). Currently, the microactuation methods in common use are electromagnetic o r thermal. While electromagnetic microactuation has been demonstrated in conjunction with both mechanical classes of microactuators, thermal microactuation is suitable primarily for deformable microstructures.
The most notable thermal microactuation methods have been bimetallic, thermopneumatic, and SMA. Bimetallic microactuators utilize the thermal coefficient of expansion mismatch between two layered materials to generate force or motion. Since microfabrication techniques lend themselves more easily to the stacking of one material on top of-rather than next to-another, reported microactuators based on the bimetallic effect provide deformations that are predominantly in the direction normal to the plane of the substrate. The microvalve in Fig. 4 is an example of a bimetallic microactuator fabricated by bulk micromachining and SFB of two silicon wafers [7] . Heating the bimetallic diaphragm by passing a current through a heating resistor embedded between the metal and silicon layers cause these layers to expand. The expansion produces downward deflection of the diaphragm because of the mismatch in the thermal expansion coefficients of the metal and silicon. If heated sufficiently, the diaphragm can deflect far enough to close off the valve. The diaphragm in this device is 2.5 mm in diameter and is 10pm thick. A 5-pm-thick aluminum layer is used as the metal component. Fully proportional control of flows in the range of 0 to 300 cdmin has been demonstrated with this valve for input pressures from zero to 100 psi. On/off flow ratios have been greater than 1000. One and a half watts of power are required to close the valve at 20 PSIG input.
In thermopneumatic actuation, the volume expansion of a heated fluid in a sealed cavity is used as a source of microactuation-to deflect a thin silicon diaphragm, for example. SMAs are metals which have shape-recovery characteristics. If these alloys are plastically deformed at one temperature, they will completely recover their original shape when raised to a higher temmechanisms, and deformable perature [13] . In recovering their shape, the alloys can produce a displacement or force, or both, as a function of temperature. In an electrostatic micromotor, the reverse flow ratio of these check valves is attractive and repulsive forces generated by 5000:l [8] .
electric charge distributions are used to The deformable microvalve and convert electrical to mechanical energy. micropump we've described were fabri-(See opening photo.) By proper commutacated by bulk micromachining and tion of these charge distributions on a bonding, but many current set of stationary electrodes (the stamicroactuators rely on surface ermal microactua tor) and a set of moving elecmicromachining of polysilicon.
trodes (the rotor), continuous Among the latest devices fabrimotion of the rotor can be cated with this technique are latachieved. To date, only rotary era1 resonant microstructures ( has been used almost exclusively for microElectrostatic forces applied through intermotor fabrication thus far digitated electrodes provide the actuation.
Micromotor operation has been demonThe suspension and actuation are designed strated in dielectric liquids (such as deionfor lateral deformation of the suspension ized water and silicone oil) and in gases (such as nitrogen, argon, oxygen, and room air) [3, 16] . Excitation voltages as low as 30 V and operational speeds up to 15,000 r/min have been reported [4] . The maximum attainable speeds in gaseous environments have been limited by the power supply, not the micromotor. Micromotor lifetime has been extended to many millions of cycles over a period of several days for operation in room air or silicone oil [4, 16] . A clear failure point has not yet been identified, even though some micromotors are tested for a few hundred million start-stops. Dynamic friction torque is below 10 percent of the micromotor motive torque, and wear is not presently a limiting factor in micromotor operation [ 3 ] . The motive torque of side-drive micromotors is typically on the order of tens of pico-Newton-meters. Another form of microactuation is based on the piezoelectric effect. Piezoelectric films have been used to provide actuation in a variety of applications such as In addition to deformable microstructures MEMS require large-motion actuators such as micromotors to power linkages. Some researchers have argued that electric, not magnetic, actuator drive is preferable in the microscopic domain for two reasons.
are suitable to First, the electric field breakdown limit in air increases drastically from 3 x lo6 V/m for macroscopic air gaps to 108 V/m for air gaps on the order of a micrometer [3] . For magnetic actuators, however, the magnetic saturation limit is independent of actuator and consequent lateral movement of the movable part. In resonant mode these microactuators can provide lateral deformations of nearly 10 pn at resonant frequencies that are typically in the tens of kilohertz [15] .
size. For microscopic sizes, the stored-energy density limits for electric and magnetic actuators become comparable and are on the order of lo5 to lo6 J/m3. Second, the materials, namely conductors and insulators, required for electric actuators are valves, pumps, positioning devices, and ultrasonic micromotors. Typical piezoelectric thin films now used in microactuator technology are zinc oxide (ZnO), lead zirconate titanate (PZT), and polyvinylidene fluoride. Of these materials, PZT has the largest piezoelectric coefficients. [17, 18] . Most industrial designs of physical into large commercial markets. Even area* the potential sensors are now based on detailed finitethough the miniaturization of mechanical advantages are tremendous, but the techni-element modeling of the mechanical systems is often compared to the miniatur-cal to biocompatibility microstructures using software currently ization of electronics, one should not and packaging are great.
available for conventional mechanics. assume that all mechanical systems will pressure Future progress in the areas outlined above benefit from miniaturization. Indeed, for pressure monitoring. Microvalves and is largely dependent on our ability to model many mechanical systems such as an auto-micropumps can be used to mobile, miniaturization is not practical.
management microsystems for
The importance of the systems Even in these cases, however, micromeapproach and integration of signal processchanical devices for sensing and actuation inghignal conditioning electronics to sencan often improve the overall performance sors and actuators must be increasingly of the macroscopic mechanical system. we are is the to make a recognized. The integration of signal-conNearly all automobiles already use silicon large number Of micromechanical devices version, transduction, and signal-processing pressure sensors for the measurement of pressure in the exhaust manifold. Other automotive applications of silicon pressure sensors such as measuring levels in fuel tanks and pressures in engine cylinders and tires, are currently being pursued.
a~~llcations is already beginning. 
